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Relative accelerations between a mass undergoing matter-wave interference and the associated
apparatus, when not tracked, can appear as dephasing. It can be an important limiting factor
in interferometry with large masses. Here we advocate taking conceptually the simplest solution:
putting both the interfering mass and its associated apparatus in a freely falling capsule, so that
the strongest inertial noise components vanish due to the equivalence principle. In this setting, we
investigate two of the most important remaining noise sources: (a) the non-inertial jitter of the
experimental setup which arises through gas collisions and photon scattering on the experimental
apparatus as well as the walls of the enclosing capsule, and (b) the gravity-gradient noise, namely
the fluctuating curvature change in a finite sized capsule arising from any untracked motion of
external masses. We show that the former can be reduced below desired values by appropriate
pressures and temperatures, while the latter can be fully mitigated in a controlled environment. We
finally apply the analysis to a recent proposal for testing the quantum nature of gravity [S. Bose
et. al. Phys. Rev. Lett 119, 240401 (2017)] through the entanglement of two masses undergoing
interferometry. We show that the relevant entanglement witnessing is feasible in a freely falling
capsule with achievable levels of relative acceleration noise.
INTRODUCTION
The two pillars of modern physics, Quantum mechan-
ics and General relativity, are expected to be eventually
combined into the elusive theory of Quantum Gravity
(QG) [1–3]. However, whilst separately the two theories
are well tested, the former in the regime of large masses
and distances and the latter in the microscopic regime,
no experiments has been able to probe them simultane-
ously [4]. To facilitate this formidable task one promis-
ing approach is the development of low energy (infrared)
QG phenomenology which could eventually, upon exper-
imental realization, lead to critical experimental hints.
Of course, gravity has been extensively probed in the do-
main of quantum field theory in “classical” curved space-
time [5, 6]. There the source of the gravitational field
is classical and the probe is quantum mechanical. The
most notable result is given by the Colella-Overhauser-
Werner experiment [7], which has over the years lead to
several important matter-wave interferometers [8–10] as
well as to more recent developments in photon interfer-
ometry [11–13].
To reveal quantum features of the gravitational field
one promising approach is to prepare a nonclassical state
of massive system, resulting in a quantum source of the
gravitational field. Specific proposals have been devised
to witness the entanglement between two masses medi-
ated through a gravitational field [14, 15]. As a classical
mediator cannot entangle two masses [16], gravity, the
mediator of the above entanglement, must be quantum
[14, 17]. If one uses a standard relativistic quantum field
theory (QFT) description of low energy quantum gravity,
the two non-relativistic nonclassical state of masses can
interact gravitationally and entangle via an exchange of
a virtual/off-shell graviton. In this sense the above ex-
periment can be regarded as evidencing virtual gravitons
[17]. This seems to be currently the only conclusive way
to witness the fundamentally quantum nature of grav-
ity in the laboratory1. Each mass is placed in a super-
position of two positions, which can be rephrased in a
suggestive way by employing a general relativistic view-
point – it is a superposition of spacetime geometries [19].
However, there seems to be no simpler way to evidence
the “coherence” of such a superposition, as opposed to a
classical mixture of two geometries, than to entangle the
masses and look for the correlations witnessing this en-
tanglement. Note that if we allow “action at a distance”
e.g when two qubits directly interact – there is no medi-
ator whose quantumness can be proven; furthermore, it
would also violate special relativity.
Let us also make it clear forthwith that what we mean
here by quantum gravity: it is the fact that gravity obeys
fundamental quantum principles such as the superposi-
tion principle. Our experimental protocol can in principle
test quantum corrections to the Newtonian interaction
as well [17] by exploring ghost-free modification of the
graviton propagator [20–22].
In this work we expand the experimental analysis of
the interferometric setup from [14] and its modified ver-
1 It is seldom believed that if we could ever detect primordial grav-
itational wave signature in cosmic microwave background pho-
ton radiation that would be the signature of quantum gravity.
However, such a claim is not sacrosanct, the quantum nature of
gravity arises here in preparing an initial state for the graviton
propagation during a period of cosmic inflation. Note that such
a quantum initial condition can also be mimicked classically on
the mode functions [18].
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2sion [23] with slightly easier to achieve experimental pa-
rameters. Two masses ∼ 10−15 − 10−14kg, each put into
a spatial superposition, are placed at sufficient distance
[14] and/or sufficiently screened [23] such that they inter-
act solely through Newtonian interaction. Importantly,
if any entanglement between the masses is detected, one
is forced to conclude that the gravitational field is quan-
tum mechanical. An important question is the level of
ambient noise under which this entanglement can be de-
tected. This has been estimated under generic amounts
of decoherence [24, 25] and mitigating pressures and tem-
peratures have been estimated for atom-scattering and
black-body sources [14, 23]. However, untracked relative
accelerations between an interfering mass and the exper-
imental apparatus (the control fields/beam splitters that
create the superposition as well as the measuring devices)
is a serious source of noise in any matter wave interferom-
etry. That this becomes more acute for large mass inter-
ferometry in the form of unknown tilts has been pointed
out along with some potential solutions, based on preci-
sion measurements [26] and motional dynamical decou-
pling [27] respectively. However, how these would scale
up, or be adapted to the demanding regimes of quan-
tum gravity induced entanglement of masses (QGEM)
[14, 23] is still unclear. The acuteness of this problem
has been quantitatively explored recently in context of
QGEM setup [28].
Here we propose conceptually the simplest solution:
to put the whole two mass experiment in a freely falling
capsule. Thus a most dominant source of noise, namely
distant moving masses [28], are immediately eliminated
to the largest order: to the first order approximation
(capsule size much smaller than the distance of the grav-
itational noise sources from the experiment), every con-
tent of the capsule accelerates exactly the same way and
the equivalence principle essentially eliminates all rel-
ative acceleration. We are then left with non-inertial
effects, as well as higher order gravitational ones, that
can affect the detectability of the entanglement witness.
These are then the principal subjects of investigation in
this paper. In particular, we write a simple model for
the environment-induced non-inertial jitter of the exper-
imental container and calculate the resulting effect on
visibility: this jitter is generated by gas collisions and
photon scattering with experimental apparatus and the
container to which it is attached. From a general rel-
ativistic perspective, gas collisions and photon scatter-
ing with the experimental-box induce tiny fluctuations
of the latter about a purely geodetic trajectory, result-
ing in non-inertial noise. Furthermore, we show that the
gravity gradient noise (GGN), namely the noise in the
curvature induced by distant fluctuating masses over the
finite size of the capsule, which indeed can induce a rela-
tive acceleration between the superposed components of
the interfering masses, as well as between them and the
control/measurement apparatus, can also be mitigated.
This paper is organized in the following way. We
first recall the notions of inertial and non-inertial ref-
erence frames as well as discuss higher order gravita-
tional effects. We discuss how to derive the Lagrangian
appropriate for interferometric protocols starting from
Fermi-Normal coordinates (Sec. I). We then discuss phase
accumulation in single particle interferometry experi-
ments [29], in particular, focusing on non-inertial jitter
and the resulting loss of visibility. We then discuss the
gravity gradient noise (GGN) due to finite size effect of
the capsule and outline its mitigation (Sec. II). We fi-
nally apply the results to the experimental setup to de-
tect the quantum nature of gravity [14] where we consider
an improved scheme to reduce the Casimir-Polder inter-
action [23]. Here we give quantitative estimates for the
entanglement witness under feasible mitigations of the
above noise sources using a recently proposed improved
entanglement witness [25] (Sec. III).
I. REFERENCE FRAMES
A convenient coordinate system to describe matter-
wave experiments is the one where the experimental
equipment remains stationary (see Fig. 1). Assuming
that the experimental apparatus is attached to a con-
tainer – forming an experimental box – one can consider
the motion of its center-of-mass and construct the associ-
ated time-like curve in spacetime. Here we are assuming
that the mass of the system, m, is much smaller then
the total mass of the experimental box, M , such that
the effect of the former on the latter can be neglected.
To describe such nearly-local interferometric experiments
we first construct Fermi-Normal coordinates (FNC). In
particular, the FNC metric is given by [30, 31]:
ds2 = gttc
2dt2 + 2gtbcdtdx
b + gbcdx
bdxc, (1)
gtt = −[(1 + abxb)2 +R0c0dxcxd], (2)
gtb = −2
3
R0cbdx
cxd, (3)
gbc = δbc − 1
3
Rbcdex
dxe, (4)
where we have omitted cubic displacements O(x3) from
the reference time-like curve, and a = (a1, a2, a3) is the
acceleration of the observer. The curvature effects are
encoded in the Riemann tensor R which can be estimated
from the background stress-energy tensor. Here we are
also implicitly assuming that the reference frame is not
rotating as we have restricted the discussion only to linear
accelerations. The FNC construction is typically applied
to investigate classical Earth-Bound experiments as well
experiments in free-fall [32].
For non-relativistic matter-wave experiments we can
make further approximations. In particular, for slowly
moving matter only the gtt term will be important, i.e.
when expanding the dynamics to order O(c−1). We thus
approximate the metric in Eq. (1) to:
3mext
a
mxz
y
M
experimental
observer
inertial 
observer
Figure 1. Conceptual scheme of the experiment as seen by a
distant observer. Here we focus on the horizontal x-motion
where the objects of mass m are placed in a spatial superposi-
tion. Both the system (here depicted as two adjacent interfer-
ometers) and the experimental apparatus (here illustrated as
a box of mass M) follow approximately geodetic motion. The
deviation from ideal geodetic motion is due to gas collisions
and photon scattering (here we have illustrated only dust par-
ticles outside the experimental container). To describe the
experiment we consider an ideal free-falling observer and an
observer attached to the experimental container. For the ideal
free falling observer also the experimental-box becomes a dy-
namical degree of freedom (to account for its motion about
the geodesic), while the observer attached to the experimental
container will describe it using an accelerated reference frame
with a time-depedent acceleration a.
ds2 = −((1+abxb)2 +R0c0dxcxd)2c2dt2 +δbcdxbdxc. (5)
In many cases the curvature effects are negligible, i.e. we
can further neglect the Riemann tensor term ∼ R0c0d
in Eq. (5), resulting in the Rindler metric. However,
for the moment we keep the term R0c0dxcxd, which cor-
responds to Newtonian spacetime curvature, i.e. the
gravity-gradient term, which can result in relative accel-
erations between the mass and the measuring apparatus
if they are finitely spatially separated in the laboratory.
We keep this in order to examine the influence of GGN,
but as we will show, it can be mitigated for all reason-
able unknown masses that cannot be tracked during the
experiment.
In any case, we can readily write down the Lagrangian
of a point particle:
L = −mc2
√
−gµν dx
µ
cdt
dxν
cdt
, (6)
where xµ = (ct,x) are the FNC coordinates. Since we
are primarily interested in the motion along the horizon-
tal direction, i.e. the axis of the spatial superposition,
we will in the following omit the coordinates x2, x3 and
relabel x1 (a1) as x (a). Using the metric in Eq. (5) and
the Lagrangian in Eq. (6) we then readily obtain
L =
1
2
mv2 −max− 1
2
mω2ggx
2, (7)
where we have omitted the constant term mc2, and we
have introduced ω2gg = R0101c2. The harmonic frequency
ωgg is associated with the Newtonian gravity-gradient po-
tential due to finite size of the experiment: for an at-
tractive one it is real-valued, but for a repulsive one it
becomes imaginary. Physically this corresponds to tidal
forces that are compressing or stretching a body, respec-
tively.
We now concentrate on the setting of Fig.1. The whole
experiment is enclosed in a free fall laboratory (which we
also interchangeably call the capsule or box). The La-
grangian we have obtained in Eq. (7) describes the mo-
tion of the system from the viewpoint of the non-inertial
laboratory observer. It is important to note that the ac-
celeration a can only result from electromagnetic inter-
actions but not through the gravitational one, e.g. dust
particle or photons hitting the experimental-box. Impor-
tantly, a laboratory interacting only gravitationally with
external masses would still result in free fall with van-
ishing acceleration, i.e. a = 0. Indeed, from the view-
point of a distant inertial observer both the experimental-
box as well as the system would be accelerating towards
the external mass with the same acceleration, Gmext/R2,
where mext is the mass of the external object, and R is
the distance between the external object and the center
of the experimental-box. On the other hand, gravity-
gradient potentials here parameterized by ωgg, cannot be
eliminated by simple change of coordinates, as quantum-
mechanical systems are always of finite extension due to
their wave-nature.
In summary, one can repeat the FNC construction for
different observers, following different time-like curves.
In this section we have already discussed three differ-
ent observers, each of which has a different coordi-
nate system: an ideal free-falling observer following a
geodesic, the approximately free-falling observer follow-
ing the time-like curve of the experimental box, and the
distant inertial observer fixed with respect to the stars.
While the above construction was based on the general
relativistic formalism, the same non-relativistic results
can be obtained directly using extended Galilean trans-
formations. Importantly, non-inertial effects can be seen
as relative motion between the experimental box and
the system, the former following a non-geodesic time-like
curve while the latter on a geodesic. On top of this, each
collision of a gas particle or a photon with the system
will induce non-geodesic motion of the latter: this gives
rise to the decoherence already considered in [14, 23]. On
the other hand, gas and photon collisions with the exper-
imental box provides a second mechanism for the loss of
visibility: we will refer to it as non-inertial jitter. How-
ever, there is an important difference between the two:
unlike decoherence, the loss of visibility stemming from
non-inertial jitter can, at least in principle, be completely
4canceled by a control experiment. Indeed non-inertial jit-
ter, as well as any other classical deterministic noise, can
be measured using a second system, and addressed either
by actively recalibrating the experimental apparatus in
real-time or passively in post-analysis. As we will see
in the next section non-inertial jitter is a technical chal-
lenge, but does not present a fundamental limitation for
interferometry with large masses.
II. NON-INERTIAL JITTER AND
GRAVITY-GRADIENT NOISE
In this section we first consider a single interferome-
ter for a mass m with two internal states sj where we
create and control the superposition size by using state
dependent forces [14]. In particular, we create a spatial
superposition using the state dependent force, maintain
it in a fixed size ∆x for a fixed interval by removing the
force, and then recombine it by applying a state depen-
dent force again, as shown in Fig.2; at the end we mea-
sure the resulting accumulated phase difference. We de-
scribe the two paths of the superposition using the semi-
classical approach [33]. We consider the Lagrangian is
given in Eq. (7) and add the interaction with the force.
Specifically, for the two paths we have the following La-
grangian:
Lj =
1
2
mv2j −ma(t)xj −mλj(t)xj −
1
2
mω2gg(t)x
2
j , (8)
where j = L,R denotes the left or right path, xj the par-
ticle position, λj(t) = fmm sj is a state dependent accelera-
tion generated from a force of amplitude fm (the internal
state labels can acquire values sj = ±1 during the cre-
ation of the superposition and its recombination, while
during the period the superposition is held constant, it is
set to sj = 0 (see Fig. 2)) and a(t) is the time-dependent
acceleration as described by the non-inertial observer at-
tached to the experimental box (here we are using the
term non-inertial as the box is subject to nonintertial
jitter and gravity gradient noise). In Ref.[14], a specific
realization of the state dependent force was suggested,
where sj corresponded to NV centre spin states in a di-
amond nano-crystal, and the state dependent force was
generated by a magnetic field gradient ∂B∂x through
fm = gNV µB
∂B
∂x
, (9)
where gNV is the electronic g-factor, µB is the Bohr mag-
neton, B is the component of the magnetic field along x.
However, here we are going to refrain from the details of
the properties of the crystal and the source of the mag-
netic field gradient [34]. Instead, we are going to focus
on those relative acceleration noise sources which would
be present in any realization of matter wave interferom-
etry through generic internal state dependent forces as
modeled in Eq.(8). However, for simplicity we are going
to refer to the internal states as spins.
The trajectories for the two states associated to the
different initial position and spin are determined by the
simple equation
x¨j(t) = λj(t). (10)
Here we have omitted the contribution from gravity gra-
dients of unknown external masses, i.e. ω2gg = 0, as we
are primarily interested in the trajectories. The effect of
gravity-gradient terms from known sources on the tra-
jectory can be readily taken into account in the analysis.
Similarly, unknown sources of a(t) in a controlled envi-
ronment will be small and can be neglected, while known
sources, such as due to the motion of the experimental
apparatus, can be fully taken into the analysis. How-
ever, the same argument we have applied for trajectories
does not apply to the accumulated phase difference where
already tiny non-inertial and gravity-gradient contribu-
tions could rotate it by a substantial fraction of 2pi. This
will be discussed in detail below. The trajectories are
thus determined by
xj =
∫ t
0
[∫ u′
0
λj(u)du
]
du′, (11)
where we have assumed xj(0) = 0 and x˙j(0) = 0.
For a single particle we can generate two distinct paths,
i.e. j = L and j = R (left and right paths, respectively),
by considering opposite spins , i.e. sL = −sR, such that
the magnetic forces are opposite: λL = −λR. The condi-
tion to close the loop at time t = tf is given by requiring:
xL(tf ) = xR(tf ). (12)
As the state dependent force depends linearly on the spin
of the particle, i.e. ∝ sj , this give a condition on the
time-dependence of the spin values
∫ t
0
[∫ u′
0
sj(u)du
]
du′ = 0, (13)
i.e. the condition to close the interferometric loop. For
example, Eq. (13) can be fulfilled by controlling the spins
as follows:
sL(t) =

−1, 0 < t < ta,
+1, ta < t < 2ta,
0, 2ta < t < 2ta + te,
+1, 2ta + te < t < 3ta + te,
−1, 3ta + te < t < 4ta + te,
, (14)
with the opposite values for sR(t). The total experimen-
tal time is given by tf = 4ta + te, where we will refer to
5x
t
recombination
creation
central part Δx
xL xR
a
2ta
2ta
te
Figure 2. Paths for a single particle interferometry. The paths
are predominantly determined by the magnetic-field gradient
forces, while the phases can have also contributions from non-
inertial and gravity-gradient terms.
ta (te) as the acceleration (free-fall) time interval. Even
if this condition is not exactly met experimentally, as
long as the final states are approximately equal, i.e. with
nearly overlapping wavepackets, one will not have sub-
stantial loss of visibility: if the spread of the wavepackets
is σ, one requires |xL(tf )−xR(tf )|  σ. Note that a ran-
dom acceleration a(t) does not affect at all the condition
xL(tf ) = xR(tf ): both paths are subject to exactly the
same random acceleration a(t) and the loop thus remains
perfectly closed. Only the random fluctuating gravity-
gradient term can affect the closed loop condition when
sufficient asymmetry is present in the problem. Indeed,
this is Stern-Gerlach interferometry, which has recently
been implemented with atoms [35–37] and suggested for
large masses [38, 39]. We should note, however, this cri-
terion can be difficult to meet, and it is eased by cooling
the masses to the ground state initially in a trap, which
has already been achieved [40].
A. Non-inertial noise
We now want to calculate the accumulated phase dif-
ference arising from the non-inertial jitter of the experi-
mental box and estimate its effect on the interferometric
visibility2. We start from the usual phase difference def-
inition:
∆φ = φR − φL, (15)
where the accumulated phase over each path j = L,R is
given by
φj =
1
~
∫ tf
0
dtLj(t). (16)
2 The gravity-gradient terms, which will be discussed in the next
subsection, are here set to zero, i .e. ωgg = 0.
Exploiting the Lagrangian in Eq. (8) and the trajectories
given by
xj =
∫ t
0
[∫ u′
0
(λj(u) + a(u))du
]
du′, (17)
we eventually find a simple expression
∆φ =
2m
~
∫ tf
0
dtλ(t)X(t), (18)
where we have defined
X(t) =
∫ t
0
[∫ u′
0
a(u)du
]
du′. (19)
We note that from the perspective of the inertial observer
X(t) corresponds to the displacement of the experimen-
tal box about the geodesic trajectory generated by gas
collision or photon scattering.
We can thus readily model the motion of the center-
of-mass of the experimental box as a classical degree of
freedom: X (P ) will be a classical position (conjugate
momentum) observable of the experimental-box. Specif-
ically, we have the following stochastic differential equa-
tions [41]:
X˙ =
P
M
, (20)
P˙ = −Ω2X − γP +
√
2γMkBTPin, (21)
where the gas-damping coefficient is given by [42]:
γ =
pl2
M
(1 +
pi
8
)
(
32mg
pikbT
)1/2
, (22)
p (T ) is the gas pressure (temperature), mg is the mass of
a gas molecule, and l is the linear size of a cubic experi-
mental box. Here we have also included for completeness
the harmonic frequency, Ω, which has to be taken into
account, for example, when the experimental setup is sus-
pended. Here we however set it to zero, i.e. Ω = 0 as
is the case for a free falling setup, i.e. Ω = 0. Even if
Ω is nonzero, as long as Ω < ωmin = 2pit−1exp, where texp
is the experimental time, we can safely neglect it. Pin is
the classical input noise quantified by:
E[Pin(t)] = 0 E[Pin(t)Pin(t′)] = δ(t− t′), (23)
where E[ · ] denotes the average over different noise re-
alizations. To describe the non-inertial jitter of the
experimental-box induced by photons one has to a use
a modified Eq. (22), which we leave for future work.
6From Eqs. (20)-(21) we can readily find the power spec-
tral density (PSD):
SXX(ω) =
4kBT
M
γ
(Ω2 − ω2)2 + ω2γ2 . (24)
We note that the noise decreases as 1/ω4 thus strongly
suppressing high frequency noise.
From Eqs. (18) and (24) we can now find the fluctua-
tions of the accumulated phase:
E[∆φ2] =
4m2
~2
∫
dωFjitter(ω)SXX(ω), (25)
where we have defined
Fjitter(ω) =
[∫ tf
0
dt
∫ tf
0
dt′λtλt′eiω(t−t
′)
]
. (26)
Using Eq.(14) the function F is given by
Fjitter(ω) =
(
fm
m
)2 8 sin2 ( taω2 )
ω2
(2 + cos(ω(ta + te))− cos(ω(3ta + te))) ,
(27)
which we note is symmetric. From Eq. (25) we then
readily find the phase fluctuations:
Γjitter ≡ 8m
2
~2
∫ ∞
ωmin
dωFjitter(ω)SXX(ω). (28)
At this point one could use the expression (27) to numer-
ically evaluate the phase fluctuations Γ in Eq. (28).
It is nonetheless instructive to further explore the
regime of low damping as the experiment is expected to
be in a controlled environment. In particular, we consider
the case when the damping γ is small on the time-scale of
the experiment, i.e. ω > ωmin > γ. We can thus simplify
Eq. (24) as:
SXX(ω) ≈ 4kBT
M
γ
ω4
. (29)
In addition, we also approximate Eq. (27) by the limiting
cases for large and small ω, effectively smoothing over the
oscillating terms, obtaining:
Fjitter(ω) ≈
(
fm
m
)2 [
4t2aθ(1− taω) +
8
ω2
θ(taω − 1)
]
,
(30)
where θ is the Heaviside step function, i.e. θ(x) = 0
for x < 0 and θ(x) = 1 for x > 0. We can now use
Eqs. (28)-(30), to obtain a simple formula for the phase
fluctuations:
Γjitter ≈
8γkBTf
2
mt
2
at
3
exp
3~2pi3M
. (31)
Let us briefly discuss how to mitigate the phase fluctu-
ations in Eq. (31). Using Eq. (22) we first note that
Eq. (31) has the desired behavior with the pressure, p,
and temperature, T , of the environment, and can thus be
controlled using cryogenics and and vacuum chambers.
We can furthermore strongly mitigate the phase fluctua-
tions by lowering the experimental time texp due to the
favorable scaling ∼ t3exp, for example, by running simulta-
neously a large number of equal experiments. In addition,
we note that increasing the mass M of the experimental
container also suppress the phase fluctuation, i.e. the
jitter of a heavier experimental box will be smaller with
respect to a lighter one. Specifically, from Eq. (22) we
find that γ scales with the area l2, and is inversely pro-
portional to the mass, i.e. ∼ l2/M and thus the overall
scaling is ∼ l2/M2 ∼ 1/(ρ2l4), where l (ρ) denote the
linear size (average density) of the experimental box.
On the other hand, it is interesting to note that the
phase fluctuations are completely independent of the par-
ticle mass m: this is not only a feature of the approxi-
mate Eq. (31), but can be already seen from the non-
approximated Eqs. (27) and (28). The only dependence
of the matterwave state is through the superposition size
∆x, which can be seen from the dependency on the state
dependent force ∼ fm and the acceleration/deceleration
time interval ∼ ta, i.e. larger values will make ∆x larger.
Of course if one wants to generate the same superposi-
tion size for a heavier particle as the one achieved by a
lighter one, fm would need to be increased by the ra-
tio of their masses. However, for a fixed fm the loss of
visibility is completely independent of the mass of the
matter-wave system m: this shows that nanoscale and
microscale interferometry presents, as far as non-inertial
jitter is concerned, the same level of experimental chal-
lenge as atomic interferometry.
B. Gravity Gradient Noise due to Finite Size
Effects
Gravity gradient noise (GGN), as described by Eq. (5)
will arise from stochastic variations in the curvature
which remain as an external gravitational signal even in
a nearly-local experiment due to its finite size. In place
of the Lagrangian in Eq. (8) we now consider3:
Lj =
1
2
mv2j −mλj(t)xj −
1
2
mω2gg(t)x
2
j , (32)
3 We omit the linear acceleration term ∼ a(t), which models the
non-inertial jitter, and has been already discussed in Sec. IIA.
7where we assume ω2gg(t) is a multiplicative noise. Here
we are considering only the GGN from movements of un-
tracked external masses, while any contributions known
masses can be measured and taken into account in the
analysis without any loss of visibility.
GGN on a free test masses has primarily been esti-
mated in the gravitational wave detection literature [43–
46], from which, instead of ω2gg(t), which is the key quan-
tity relevant for us, it is the random accelerations arand
of test masses, which is readily available . The calcu-
lations of arand are based on the cumulative Newtonian
effect of environmental mass movement noises on a free
test mass, but quite independent of the specifics of grav-
itational wave detectors, so that it is readily usable in
our case. While this acceleration noise arand itself will
be completely eliminated in our proposed free-fall labora-
tory, it can be used to estimate the noise in ω2gg, following
Ref. [47] to give
Sω2ggω2gg(ω) ≡
1
r¯2
Sarandarand(ω) =
a¯2
r¯2
1
( ωC )
α
, (33)
where we have introduced the strength of the local accel-
eration fluctuations, a¯, a length-scale parameter r¯ char-
acterizing the distance to the GGN sources, and a de-
cay integer α > 1 which depends on the type of source.
C = 2pi× 1Hz is a constant that fixes the correct dimen-
sions. In a more refined analysis one would need to con-
sider all external masses, and their associated stochastic
motions, which would determine the value of a¯
2
r¯2 as well
as of α in Eq. (33) – for a fixed value a¯ one can interpret
r¯ as a characteristic length-scale of all the GGN sources
combined [43].
It is instructive to obtain an upper-bound on the noise
spectrum Sω2ggω2gg(ω) by considering the smallest possible
distance from the experiment rmin which could contain
the bulk of the GGN sources. The environment around
the experiment, i.e. located at r < rmin, can be well
controlled by the experimentalists (for example, it could
correspond to the inside of the building in a drop-tower
experiment), and as such will not contribute to GGN.
On the hand, any external mass at distances larger than
rmin will give a smaller contribution to the GGN as it
would if its motion reached rmin. In other words, here
we will assume that all of the GGN sources reach the
outer perimeter of the controlled laboratory environment,
i.e. we will set r¯ = rmin in Eq. (33), which will give an
upper-bound on the noise – in practice, the noise will be
significantly smaller, with r¯  rmin.
We can find the phase fluctuations induced by GGN
following a similar analysis as in Sec. (IIA). In first in-
stance we can now assume that the trajectory for xj(t)
is given by Eq. (11), solely determined by the magnetic
gradients. From Eqs. (15), (16) and (32) we then readily
find the accumulated phase difference:
∆φ =
m
2~
∫ tf
0
dt ω2gg(t)
(
xR(t)
2 − xL(t)2
)
. (34)
Interestingly, for symmetric paths with with respect to
the origin of the coordinate system, i.e. xL(t) = −xR(t),
we do not have any accumulated phase difference, i.e.
∆φ = 0, even for a randomly fluctuating ω2gg(t) – this is
a direct consequence of the harmonic form of the grav-
ity gradient potential. On the other hand, if we consider
asymmetric paths with respect to the origin of the coor-
dinate system we will have a non-zero value ∆φ.
For example, when one considers the dynamics in
Eq. (10) with the initial condition x˜j(0) = d2 and ˙˜xj(0) =
0 one finds the trajectories given by:
x˜j(t) = xj(t) +
d
2
, (35)
where xj(t) is the trajectory given Eq. (11), i.e. the tra-
jectory with initial condition xj(0) = 0 and x˙j(0) = 0.
Using x˜j(t) in place of xj(t) in Eq. (34), as well as the
property xL(t) = −xR(t), we then immediately find:
∆φ =
md
~
∫ tf
0
dtω2gg(t)xR(t). (36)
The gravity-gradient fluctuations can be then obtained
from E[∆φ2] following analogous steps as in Sec. IIA
where we discussed non-inertial jitter. Specifically, we
eventually find the following gravity-gradient fluctua-
tions:
Γgg ≡ 2m
2d2
~2
∫ ∞
ωmin
Sω2ggω2gg(ω)Fgg(ω), (37)
where
Fgg(ω) =
∫ tf
0
dt
∫ tf
0
dt′eiω(t−t
′)xR(t)xR(t
′), (38)
and we have again introduced a low frequency cutoff
ωmin = 2pit
−1
exp , where texp is the experimental time.
Using the trajectories in Eq. (10) we can explicitly eval-
uate Eq. (38):
Fgg(ω) =
f2m
m2
e−iω(2ta+te)
ω6
(
t2aω
2 +
(−1 + eitaω)2 eiteω)(
t2aω
2eiω(2ta+te) +
(−1 + eitaω)2) , (39)
which we can further approximate as
Fgg(ω) =
f2m
m2
[
t4a(ta + te)
2θ(1− taω) + t
4
a
ω2
θ(taω − 1)
]
,
(40)
where we have smoothed over the fast oscillating terms.
Using Eqs. (33), (37), and (40), and keeping only the
dominant term ∼ tα−1exp , we then obtain a simple formula
for the gravity-gradient phase fluctuations
8Γgg ≈ a¯
2f2mt
4
a
~2
(
d
r¯
)2 [Cα(ta + te)2tα−1exp
(2pi)α−1(α− 1)
]
. (41)
One first notices that the phase fluctuations in Eq. (41)
scale very favorably with the acceleration time, ta, as
∼ t4a (for the most interesting case te  ta), much more
favorably than with the amplitude of the magnetic force,
fm, which scales only as f2m. However the latter parame-
ters also determine the superposition size ∆x ∝fmt2a, and
for a fixed superposition size there is no benefit of reduc-
ing ta at the cost of increasing fm. More important is
the scaling of Γgg with the total experimental time, tα−1exp ,
which can thus be increased with only a small added cost
of phase fluctuations.
We also note that Γgg in Eq. (41) does not depend
on the mass of the system, m, or any other property of
the system. In other words, the phase fluctuations in
Eq. (41) are exactly the same for microscale objects as
for, say, atoms. Of course the superposition size, ∆x,
scales as ∼ fm/m and thus the superposition size will be
smaller for a heavier object than it would be achieved
with a lighter one (compare with phase fluctuations due
to non-inertial jitter in Eq. (31) which exhibit a similar
behavior).
In this section we have considered the stochastic phase
fluctuations ∆φ in Eq. (36) which then lead to the av-
erage effect ∼ E[∆φ2] in Eq. (41) – these arise from the
trajectories in Eq. (11), solely determined by magnetic
forces. In particular, one finds that ∆φ ∝ fmω2gg(t),
i.e. the GGN, ω2gg(t), is amplified by the coupling to
the magnetic force, fm. However, there are also tiny
corrections to the trajectories due to non-inertial jitter
and due to the gravity-gradient forces. In particular,
in place of Eq. (10) one has a modified dynamics, i.e.
x¨j(t) = λj(t) + a(t) + ω
2
gg(t)xj , where the last two terms
on the right hand-side are small. Considering the trajec-
tories perturbed by the noises a(t) and ω2gg(t) one finds
additional contributions to the phase fluctuation ∆φ. For
example, from Eqs. (15) and (16) one will find contribu-
tions proportional to ∼ a(t)ωgg(t). However, the overall
phase fluctuation from such terms will be significantly
smaller in comparison to the one in Eq. (36), the latter
as discussed amplified by the strong magnetic force, while
the former a product of two weak effects. We leave the
full assessment of such subleading noises for future work.
We finally make a few remarks on the dependency of
Γgg on the parameter d. When considering a single in-
terferometer one can trivially achieve d = 0, and hence
Γgg = 0, by placing the particle initially at the center-of-
mass X of the experimental-box. Indeed, we recall that
d/2 is by construction the initial displacement of the par-
ticle with respect to X. However, in the next section
we will consider two particles in a double interferometric
scheme where we will no longer have the possibility to
eliminate the GGN phase fluctuations simultaneously on
both particles (see Fig. 3). In particular, the two par-
ticles are placed initially at ±d/2 and one can lo longer
avoid the gravity gradient phase fluctuations in Eq. (41)
by displacing the two particle about the center-of-mass of
the experimental box. One could, for example, place one
particle at the center-of-mass of the experimental box,
but the other one would be then located, for example,
at d, which would result in zero GGN phase fluctuations
for the former, but non-zero, larger ones, for the latter.
In addition, the value of d will be fixed by other exper-
imental requirements and is not vanishingly small. In
short, the GGN phase fluctuations in Eq. (41) can be
fully eliminated for a path-symmetric single particle in-
terferometer, but will have a nonvanishing effect in the
double-interferometric scheme with two particles, which
we will consider in the next section.
III. TESTING QUANTUM GRAVITY USING A
SPIN ENTANGLEMENT WITNESS
It was shown recently that by imposing a modifica-
tion to the QGEM-protocol one can employ a magnetic
field gradient two orders of magnitudes lower than sug-
gested in the original proposal, whilst retaining the same
acceleration/free-fall time intervals [23]. As such the new
experimental setup has a significant effect on noise reduc-
tion. In particular, as shown in Secs. IIA and IIB the
non-intertial jitter and GGN are both proportional to the
square of the magnetic field gradient, hence resulting in
a noise reduction by two orders of magnitude.
We will first briefly go over the modified QGEM-
protocol and discuss the effect of technical noises and
decoherence effects (Sec. III A). We will then estimate
the phase fluctuations induced by non-inertial jitter and
GGN as well as the how they affect the detectability of
entanglement (Sec. III B). In the latter sections we will
be following the modified protocol as the requirements on
the control parameters such as pressure and temperature
will be less demanding, while the methodology of analy-
sis will resemble the one from the original proposal [14].
We finally briefly comment on the generality of the noise
analysis and argue that it can be readily adapted also to
other matter-wave experiments (Sec. III B).
A. Modified QGEM
The modification of the QGEM-protocol recently pro-
posed in [23] is illustrated in Fig. 3. Specifically, a
perfectly conducting plate is inserted between the two
masses – the plate is fully reflective to electromagnetic
waves, which makes it act like a Faraday cage. The two
particles can thus no longer interact electromagnetically,
even at small relative distances, which significantly re-
laxes the constraints on their separation – we want the
two particles to interact only through the weak gravita-
tional interaction, which is stronger at smaller distances.
However, the modification of the boundary conditions for
the electromagnetic field produces an attractive Casimir
9Figure 3. Modified QGEM protocol. A perfectly conducting
plate is placed at the origin which cancels the Casimir-Polder
interaction between the two masses, allowing for smaller ini-
tial separation, d. In particular, one can generate a higher
entanglement phase for a given particle mass. However, we
have to take into account the deviation of the particle trajec-
tories due to the attractive force with the plate – we denote
the displacement of the inner trajectories towards the plate
by s (states associated with spins | ↓〉1 and | ↑〉2, where the
subscript denotes the particle).
force between the plate and each of the two masses – each
mass moves towards the plate during the free fall by a
small displacement, s.
Let us consider in first instance only the unitary part
of the dynamics during the free-fall time, te, while we
neglect all other noises and decoherence channels. One
finds that the state at the final time tf would given by a
simple expression
|Ψ(tf )〉 = 1
2
eiφ
[
| ↑〉| ↑〉+ | ↓〉| ↓〉
+ei∆φ↑↓ | ↑〉| ↓〉+ ei∆φ↓↑ | ↓〉| ↑〉
]
, (42)
where | · 〉| · 〉 is the joint spin state for the two particles,
and we have omitted the spatial parts to ease the nota-
tion. The accumulated phases are given by:
φ =
Gm2
~
∫ te
0
dt
d− s(t) , (43)
∆φ↑↓ =
Gm2
~(d+ ∆x)
te − φ, (44)
∆φ↓↑ =
Gm2
~
∫ te
0
dt
d−∆x− 2s(t) − φ, (45)
where G is the gravitational constant, and s(t) can be de-
termined by the Casimir force induced by the plate [48].
We remark that the Casimir interaction will not give rise
to the leakage of “which-path” information into the plate,
and, thus, will not be a source of an additional decoher-
ence effect – its effect is fully contained in the displace-
ment s(t). There will of course also be an accumulated
phase difference due to the Casimir potential induced by
the plate – as its value differs on the inner and outer
paths of the individual interferometers. The latter val-
ues are however deterministic and can be fully taken into
account, but here we choose to omit them for simplicity
of presentation. In any case, the parameter which cap-
tures the degree of entanglement, namely the effective
entanglement phase, is given by [14, 29]:
Φeff = ∆φ↑↓ + ∆φ↓↑, (46)
as can be seen by looking at Eq. (42).
We still require that the two interferometric loops re-
main individually closed, as otherwise no coherence phe-
nomena can be detected. In particular, for a single inter-
ferometer we require |xL(tf ) − xR(tf )|  σ, where σ is
spread of the wavepackets and tf = 2ta + 2t˜a + te is the
total time of the interferometer. The acceleration time
interval to prepare the superposition is 2ta, but now the
time to recombine the superposition, 2t˜a, is longer due
the the effect of the Casimir plate. Specifically, we have
t˜a =
√
t2a +
smax
am
, (47)
where smax denotes the maximum deviation of the inner
trajectories from free-fall due to the attractive force to-
wards the plate, am = fmm , and fm is given in Eq. (9) (see
also Eqs. (13) and (14)). This latter condition poses a
limit on the minimum separation between the particles
and the plate, d/2, which limits the size of displacement
induced on by Casimir plate on the inner paths.
Specifically, we consider two particles with mass m ∼
10−15 kg placed at the distance d ∼ 47µm, a magnetic
field gradient of ∂xB = 104 Tm−1, the acceleration time
ta ∼ 0.5s, and the free-fall time te ∼ 1s – resulting in
a superposition size ∆x ∼ 23µm ( µB ∼ 9 × 10−24JT−1
and gNV ∼ 2). By including the full interferometric loop
in the analysis (including the creation and recombination
parts) one finds Φeff ∼ 0.015 [23].
The full dynamics however contains also non-unitary
contributions as well terms that model technical noises.
To describe the final spin state of the two-particle system
we construct a joint density matrix with basis elements
| ↑〉| ↑〉, | ↑〉| ↓〉,| ↓〉| ↑〉,| ↓〉| ↓〉 which for brevity we
will simply denote by 1, 2, 3, 4, respectively. A straight-
forward calculation eventually gives the density matrix
ρ at time tf , which is defined by the following matrix
elements:
ρ11 =ρ22 = ρ33 = ρ44 =
1
4
, (48)
ρ21 =ρ
∗
42 =
1
4
e−Γn/2−Γd/2+i∆φ↑↓ , (49)
ρ31 =ρ
∗
43 =
1
4
e−Γn/2−Γd/2+i∆φ↓↑ , (50)
ρ41 =
1
4
e−2Γn−Γd , (51)
ρ32 =
1
4
e−Γd/2+i(∆φ↓↑−∆φ↑↓). (52)
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The coherences are now damped – Γn (Γd) is the damping
of coherences arising from technical noises ( decoherence
effects).
1. Technical noises
The damping from the technical noises is given by:
Γn = Γjitter + Γgg, (53)
where Γjitter (Γgg) is given in Eq. (31) (Eq. (41)). It is
important to note that this damping acts only individu-
ally on the left and right interferometer – in particular,
the degree of entanglement between the two particles,
as quantified by the effective entanglement phase Φeff in
Eq. (46), remains completely unaltered by γn. Indeed,
the gravitationally induced entanglement is due to the
correlation of the states | ↑〉| ↓〉 and | ↓〉| ↑〉, which gets
fully encoded in the matrix elements ρ32 and ρ23. In
other words, technical noises do not change the degree
of entanglement, but can only affect the value of a par-
ticular entanglement witness. Thus by carefully measur-
ing the noises, for example using a control experiment,
one could at least in principle fully counteract their ef-
fects thus improving on the interferometric visibility –
we leave the investigation of such an active scheme for
future research.
Let us briefly describe how to derive the damping aris-
ing from technical noises in Eqs. (49)-(51) – as discussed
in the previous paragraph these can be derived by con-
sidering each of the two interferometers individually. In a
nutshell, a technical noise will generate a time-dependent,
randomly fluctuating phase difference ∆φ between the
left and right arm of the interferometer (see Eq. (15)) –
when considering a large number of runs of the experi-
ment this will reduce the visibility of the coherences. In
particular, in place of Eq. (42) we find:
|Ψ(tf )〉 = 1
2
eiφ
′
[
ei∆φ| ↑〉| ↑〉+ ei∆φ↑↓ | ↑〉| ↓〉
+ei∆φ↓↑ | ↓〉| ↑〉+ e−i∆φ| ↓〉| ↓〉
]
, (54)
where φ′ is a common phase. To find the correspond-
ing statistical operator, averaged over the different runs
of the experiment, we calculate ρˆ = E[|Ψ(tf )〉〈Ψ(tf )|],
where we assume E[∆φ] = 0, i.e. a zero-mean fluctu-
ations, and introduce the variance of the fluctuations
Γ ∼ E[∆φ2] as discussed in Sec. II.
2. Decoherence
The total damping of coherences arising from the de-
coherence channels is given by [23]:
Γd ≡ 2
∑
j
Λj
(
46
15
a2m{t5a + t˜5a}+ 4a2mt4ate
+
∫ te
0
(4amt
2
as(t) + s(t)
2)dt
)
+ Λairtf . (55)
We have three sources of decoherence, namely, the scat-
tering of air molecules, photon emission and absorption,
and photon scattering, quantified by γair ≡ γair(pe, Te),
Λe(a) ≡ Λe(a)(Te(i)), and Λsc ≡ Λsc(Te), respectively,
where Te (pe) is the temperature (pressure) inside the
experimental-box, and Ti is the internal temperature of
particle. The explicit expressions can be found in [49, 50]:
γair =
16pinVR
2
3
√
2pikBTex
mg
, (56)
Λsc = 8!ζ(9)
8cR6
9pi
(
kBTex
~c
)9
Re
(
− 1
+ 2
)2
, (57)
Λ(e)a =
16pi5cR3
189
(
kBT(i)ex
~c
)6
Im
(
− 1
+ 2
)
, (58)
where  is the dielectric constant, nV the number den-
sity of the gas inside the experimental box, and rs is the
sphere radius.
The damping factor Γd in Eq. (55) has been obtained
by integrating the effect of the three decoherence sources.
Importantly, unlike in the case of non-inertial jitter,
which is due to the gas on the outside and inside the
experimental box, here only the gas environment inside
the experimental-box decoheres the system. We finally
remark that decoherence channels, unlike the technical
noises discussed above, affect the density matrix elements
ρ32 in Eq. (52). Indeed, decoherence presents a funda-
mental limitation to the degree of entanglement between
the two particles, which cannot be removed in a simple
way using a control experiment.
B. Detectability of entanglement
We consider the recently proposed optimized entangle-
ment witness [25]:
W = I⊗ I− σx ⊗ σx − σy ⊗ σz − σx ⊗ σz , (59)
where σi are the Pauli matrices. In particular, entangle-
ment is expected to be detected when:
〈W〉 = Tr(Wρ) < 0. (60)
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Figure 4. Plot of the condition to witness entanglement given
by Φeff > Γjitter(p0, T0)+Γd(pe, Te, Ti), where Φeff is the effec-
tive entanglement phase, and Γjitter (Γd) is the damping of co-
herences due to non-inertial jitter (decoherence sources). We
consider the internal particle temperature Ti = 0.15K, which
we assume to match the temperature inside the experimental
box Te = 0.15K, while the pressure inside the box is pe =
10−16Pa. We consider the outside experimental box to be at
room temperature T = T0 = 300K and at pressure p = p0 =
10−7Pa. We find that non-inertial jitter is successfully sup-
pressed for the capsuale lengths l ∼ 10−2m, 10−1m, ∼ 0.9m
if the mass is at least M ∼ 0.1kg, 1kg, 10kg (green, blue,
red dashed curve, respectively). We have also indicated in
the plot a reference point corresponding to the ZARM short
capsuale, i. e. l ∼ 0.9m and M ∼ 200kg [51], well inside
the allowed parameter space. We have found that already for
p = p0 < 10
−5Pa (and T = T0 = 300K) the short ZARM
capsule would still allow to detect entanglement — lowering
the outside pressure and temperature would even further re-
lax the constraints on the mass and size of the experimental
box.
Using the density matrix elements in Eqs. (48)-(52) we
eventually find
〈W〉 =1− e−Γn/2−Γd/2 (sin(∆φ↑↓) + sin(∆φ↓↑))
+
e−Γd
2
(
e−2Γn + cos(∆φ↓↑ −∆φ↑↓)
)
, (61)
where ∆Φ↓↑ ( ∆Φ↑↓) is given in Eq. (44) (Eq. (45)).
If we consider the experimental values in Sec. III A we
find that both ∆Φ↓↑ and ∆Φ↑↓ are small,∼ 0.01, and
hence the damping of coherences, Γn and Γd, have to
be even smaller, i.e. Γn,Γd  0.01. Hence we can
further simplify Eq. (61) to obtain a simple expression
〈W〉 = Γn + Γd − Φeff, where Φeff is the effective en-
tanglement phase given in Eq. (46). The condition to
witness entanglement is thus Φeff > Γn + Γd, which in
our specific case can be written as:
Φeff > Γjitter + Γgg + Γd, (62)
i.e. the effective entanglement phase must be larger than
the damping of the coherences.
Let us first consider the effect of non-inertial jitter
and decoherence , while neglecting other channels for
the loss of visibility. The condition in Eq. (62) re-
duces to Φeff > Γjitter + Γd . We consider the in-
ternal particle temperature Ti = 0.15K, which we as-
sume to match the temperature inside the experimen-
tal box Te = 1K, while the pressure inside the box is
pe = 10
−16Pa. We consider the outside experimental
box to be at room temperature T = T0 = 300K and at
pressure p = p0 = 10−7Pa (Note that while this value of
pressure is much lower than the p = 10 Pa in current drop
tower tubes [52] so that their current microgravity level
is not sufficient for us, such pressures, called ultra-high-
vacuum (UHV) has already been achieved in very large
volumes such as in gravitational wave detectors and par-
ticle accelerators). In particular, one can observe that
for a reasonable mass and size of the box the condition
Φeff > Γjitter(p0, T0)+Γd(pe, Te, Ti) is satisfied (see Fig. 4)
– lowering the outside pressure and temperature would
even further relax the constraints on the mass and size
of the experimental box. Our results thus show how to
achieve the reduction of the non-inertial jitter to allow
for the detection of entanglement [28].
We can also readily estimate the effect of GGN on
the detectability of entanglement, while neglecting other
channels for the loss of visibility – specifically, the con-
dition in Eq. (62) reduces to Φeff > Γgg. GGN is how-
ever highly location dependent and will arise from at-
mospheric pressure gradients, seismic activity and an-
thropogenic sources, among others – such noises cannot
be measured directly by gravimeters which record also
non-gravitational contributions [46], but have to be esti-
mated from atmospheric and geophysical data as well as
modeling of anthropogenic activities. Here we will again
exploit Eq. (33) which relates the GGN power spectral
density (PSD) to the more readily available acceleration
noise PSD from the literature [43–45]. For the main GGN
sources we will estimate the minimum distance from the
experiment, rmin, which would still allow the detection
of entanglement.
Let us first estimate the GGN contribution arising from
the main to non-anthropogenic sources, namely from seis-
mic and atmospheric activity. In particular, we have the
following acceleration PSDs [43, 44]:
Satmosphericarandarand (ω) =
8pi3
3
Gv2s
ρ2a
p2a
|∆p(ω)|2
ω2
, (63)
Sseismicarandarand(ω) =
16pi2
3
Gρ2e|∆X(ω)|2, (64)
for seismic and atmospheric sources, respectively. vs is
the speed of sound, ρa (pa) is air density (pressure),
∆p is the pressure fluctuation, ρe is the ground den-
sity near the experiment, and ∆X is fluctuation of the
Earth’s surface from the equilibrium position. By in-
tegrating over all seismic and atmospheric mass move-
ments as gravitational sources of noise, one can estimate
a¯ ∼ 10−15ms−2/√Hz with α ∼ 4 for ω/2pi > 10Hz,
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Figure 5. Plot of GGN phase fluctuations, Γgg, as a func-
tion of the minimum allowed distance of the respective GGN
source from the experiment, rmin, that would still allow the
detection of entanglement. Using the experimental values we
find the effective entanglement phase Φeff ∼ 0.01 which gives
the constraint Γgg  0.01 – the allowed region is the one col-
ored in white in the lower part of the figure. We find that
seismic and atmospheric activity does not pose a significant
limitation to the experiment (blue dashed line; rmin ∼ 0.01m).
Similarly, a human is only restricted from walking in the im-
mediate vicinity of the experiment (light green and dark green
dot-dashed lines for a jerking motion and continious motion,
respectively; rmin ∼ 2m). Finally, cars and planes have to be
distant by more than ∼ 10m and ∼ 60m, respectively (dark
orange and light orange dotted lines, respectively).
and a¯ ∼ 10−17ms−2/√Hz with α ∼ 0 for ω/2pi <
10Hz [43, 44]. Using Eq. (41) we find that the condition
Φeff > Γgg is satisfied already if the bulk of the seismic
and atmospheric GGN originates at a characteristic dis-
tance rmin & 10−2m – this indicates that GGN will likely
not be a limiting factor even for drop-tower experiment
at the surface of the Earth, as these GGN sources will be
far more distant.
Human/anthropogenic movements can also contribute
to the GGN – for example, a human walking near the
experiment – and one needs to limit access to the exper-
iment within a certain exclusion radius, which we will
again indicate with rmin. We will consider two classes
types of motion: a smooth continuous straight-line mo-
tion, and discontinuous acceleration/deceleration jerks.
In particular, the acceleration noise PSD generated by
an object moving a constant velocity is given by [43]:
Ssmootharandarand(ω) =
1
ω
(
2Gmext
b2
)2
e−2
b
vext
ω, (65)
where vext (mext) is the speed (mass), and b is the impact
factor of the external object. Here we are only interested
to find an upper-bound on the GGN fluctuations and will
estimate the exclusion zone using the impact factor, i.e.
rmin ∼ b. Although Eqs. (33) and (65) do not lead to
the simple formula in Eq. (41), the GGN phase fluctu-
ations in Eq. (37) can be nonetheless readily evaluated
numerically. For concreteness, we consider a human of
mass ∼ 100kg walking at a pace of ∼ 1ms−1, and a car
of mass ∼ 1000kg driving at ∼ 10ms−1: we find the ex-
clusion zones rmin∼ 2m, and rmin ∼ 10m, respectively,
which can be readily satisfied by restricting access to the
experimental building. GGN sources at larger distances
do not pose a limiting factor due to the favorable scal-
ing of the GGN fluctuations with the distance from the
GGN source, i.e. Γgg ∼ e−2
rmin
v ω/r6min. For example, for
a plane of mass ∼ 100t flying at speed ∼ 100ms−1 we find
the exclusion radius rmin ∼ 60m. Humans and cars can
contribute to the GGN also in the non-adiabatic regime
of sudden acceleration/decelerations – for example, dur-
ing regular weight transfers between steps. The latter
effect can be characterized by the following acceleration
noise PSD [45]:
Sjerkarandarand(ω) =
16G2∆F 2jerk
Pgait∆t2jerkr
6
minω
8
, (66)
where ∆Fjerk is the change of the horizontal force exerted
by the human on the ground in a time interval ∆tjerk, and
Pgait is the gait cycle of two steps. Following Ref. [45] we
set ∆Fjerk ∼ 100N , ∆tjerk ∼ 20ms and consider a step
time of ∼ 400ms which results in the frequency band
ω
2pi ∼ [2.5Hz, 25Hz] and the exclusion radius rmin ∼ 1m.
We can also estimate the same effect for a car by assum-
ing a stronger change of force, say ∆Fjerk ∼ 106Ns−1,
which however only gives the exclusion radius rmin ∼ 5m.
Indeed, the walking style/pace or the type of car/vehicle
will not change drastically the exclusion radius: as can
be seen from Eq. (33) and (66), the GGN phase fluctu-
ations scale as Γgg ∼ r−8min quickly suppressing the effect
of distant sources.
By conducting the experiment in an underground tun-
nel (still in a free fall laboratory in the tunnel – the tunnel
acting as a drop tower) the GGN can be further reduced.
For example, at a depth of 1 km the typical distance rmin
from the source (surface) increases to at least ∼ 1 km,
resulting in a significantly reduced GGN phase fluctua-
tions Γgg > 10−13. In summary, we can conclude that
in the QGEM experiment the effect of GGN can be fully
mitigated (see Fig. 5).
C. Generality of analysis
The analysis in this section relied on the fluctuations
derived in Eqs. (31) and (41) where we have assumed that
a force, fm, is used to create/recombine the superstitions.
It is however instructive to rewrite the force in terms of
the transferred impulse
∆p ≡ fmta, (67)
where ta is the acceleration time-interval. This im-
pulse ∆p is transferred four times during the cre-
ation/recombination parts of the experiments (see
Fig. 1). In particular, Eqs. (31) and (41) become
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Γjitter ≈
8γkBTt
3
exp∆p
2
3~2pi3M
, (68)
Γgg ≈ a¯
2∆p2t2a
~2
(
d
r¯
)2 [Cα(ta + te)2tα−1exp
(2pi)α−1(α− 1)
]
, (69)
respectively. Interestingly, Eqs. (68) and (69) are now
independent of the specific coupling between system and
apparatus, but depend only on generic experimental mat-
terwave parameters. In particular, Eqs. (68) and (69) de-
pend on the experimental-box (massM and damping γ),
the environment outside the box (damping γ, tempera-
ture T , the strength of the local acceleration fluctuations
a¯, a length-scale parameter r¯ characterizing the distance
to the GGN sources, a decay integer α > 1 which depends
on the type of source, and the constant C = 2pi × 1Hz),
the geometry of the paths (separation of the two interfer-
ometers d ), the experimental times (acceleration time-
interval ta, evolution time-interval te, and total experi-
mental time texp), and finally on the transferred impulse,
∆p. Moreover, as we have already discussed in Sec. II
the noise fluctuations Γjitter, Γgg do not depend on the
mass of the system, m. The analysis of the technical
noises considered here (non-inertial jitter and GGN) is
thus quite generic and could be adapted to any matter-
wave experiment.
IV. DISCUSSION
In this paper, we have shown that it is feasible to carry
out an experiment on quantum gravity induced entangle-
ment of masses (QGEM) terrestrially by going to a freely
falling capsule. Of course, carrying out the experiment
in space will naturally form such a freely falling labora-
tory. Under these circumstances, we have investigated
the effect of non-intertial and gravity gradient noise on
the system that still remains. These types of noise, if
untracked, induce an unknown relative acceleration be-
tween the interfering masses and the control and measur-
ing apparatus, which may appear as dephasing. We have
thus carefully examined the situations needed to keep the
untracked parts below a threshold. For example, for pres-
sures of ∼ 10−7Pa outside the freely falling capsule and
at temperature ∼ 300K, the non-inertial component from
random molecular kicks on the apparatus and capsule are
low enough to enable a witnessing of the entanglement.
In addition, our estimates indicates that gravity gradient
noise from atmospheric and seismic sources is negligible,
while anthropogenic contributions can be fully mitigated
by limiting access to the immediate vicinity of the exper-
iment. Note that we have focussed on the type of generic
noise (namely relative acceleration noise) that would be
detrimental in any matterwave interferometry when sig-
nificant forces/momentum transfers are used; there could
be specific systematic noise according the specific mech-
anism of wavefunction splitting, some of whose mitiga-
tions have already been extensively analysed in a some-
what more demanding setting in [29]. From those anal-
ysis it looks positive that they can also be mitigated in
the QGEM experiment. But that is beyond the scope of
this current work and will be investigated in the future.
Here we have taken conceptually the simplest route,
namely exploiting the equivalence principle to get rid
of the bulk of the gravitational noise (all the accelera-
tion noise) so that only relative acceleration noise due to
non-inertial effects and the finite size of the freely falling
capsule remain – these in turn we have shown to be pos-
sible to be brought down to the required level to witness
the entanglement. There is another route as the noise
is purely a classical noise, and hence possible to mea-
sure in principle with another system without disturb-
ing our gravitationally entangling test masses. In other
words, the loss of visibility which results from this can be
counteracted by adjusting the detection in real-time or in
post-analysis. This approach of measuring and mitigat-
ing the noise with other independent acceleration sensors
(including ones similarly constructed with large quantum
masses [29, 53, 54]) will be discussed in a future paper.
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